Two endogenous protein kinase activities, cAMP-dependent and calmodulin-Ca'^-dependent, are associated with isolated cardiac sarcoplasmic reticulum (SR) vesicles. Both klnases phosphorylate an endogenous substrate of -22,000 daltons (phospholamban). The phosphorylation of phospholamban by either the intrinsic or by exogenous cAMP-dependent protein kinase is found to be Ca 1+independent between 0.06 and 100 pM free Ca >+ . Calmodulin-dependent phosphorylation, on the other hand, does not require cAMP and is absolutely dependent on the presence of free Ca 1+ over a concentration range that corresponds to physiological levels (10~T to 10"* M). Phosphorylation of SR vesicles by both kinasee is additive and the extent of saturation of the cAMP-gpeciflc sites has no effect on the degree of stimulation by cahnodulin or its Ca l+ -dependence. Trifluoperarine, an inhibitor of calmodulin, inhibitg cahnodulin-dependent phosphorylation without affecting cAMP-dependent phosphorylation, indicating the presence of two types of kinases. This is made further evident by the selectivity of each kinase for exogenous substrates. Whereas cAMP-dependent protein kinase appears to phosphorylate histone QA (a basic protein) preferentially, cabnodulin-dependent protein kinase prefers phosvitin (an acidic protein). Ore Res 49: [1356][1357][1358][1359][1360][1361][1362] 1981 
nism of cardiac SR was also proposed. Katz and Remtulla (1978) reported that incubation of cardiac SR with calmodulin, in the presence or absence of cAMP and cAMP-protein kinase, results in an enhancement of both Ca 2+ binding and Ca 2+ transport. However, no mechanism was postulated. Le Peuch et aL (1979) and we have since suggested that regulation of SR by calmodulin may involve activation of a Ca 2+ -dependent protein kinase. Calmodulin, an ubiquitous, multifunctional calcium-dependent regulator protein is now recognized to modulate various cellular functions (Wolff and Brostrom, 1979; Cheung, 1980) . Le Peuch et al. (1979) report that, in the presence of 0.5 mM CaCU, calmodulin stimulates phosphorylation of phospholamban. This is totally inhibited in the presence of 5 mM EGTA but is unaffected by the cAMP-protein kinase inhibitor.
Our study was undertaken to characterize further the mechanism by which regulation of cardiac SR is achieved by calmodulin. Our results confirm those of Le Peuch et al. (1979) in that cahnodulin stimulates phosphorylation of cardiac SR. Calmodulin-dependent phosphorylation is totally Ca 2+ -dependent; however, unlike the high Ca 2+ concentration used by Le Peuch et al. (1979) , our data indicate that calmodulin-stimulated phosphorylation can occur within a range of Ca 2+ concentrations compatible with levels postulated to occur during the contraction-relaxation cycle of the heart (Katz, 1977) . Our results confirm previous reports showing that phospholamban is ~22,000 daltons, although it is possible that this represents an oligomer of a lower molecular weight component (Le Peuch et al., 1979) .
Methods

Miscellaneous Methods
All biochemical reagents, including beef heart cyclic AMP-dependent protein kinase, were purchased from Sigma Chemical Co. All chemicals were of "Chemical pure grade." Disodium ATP was purchased from Boehringer-Manheim and[7-32 P]-ATP, ammonium salt (10-40 Ci/mmol), was purchased from New England Nuclear. Trifluoperazine dihydrochloride was a generous gift from Smith Kline and French Laboratories. Calmodulin was prepared from bovine brain tissue by the method of Lin et al. (1974) . The levels of contaminating calmodulin in our SR vesicles were determined in 1% Lubrol as described previously . The concentrations of free Ca 2+ , at pH 7.0, were achieved by the addition of sufficient CaCl 2 to 500 JIM EGTA as has been described previously (Potter and Gergely, 1975; Piascik et al., 1980) . Sodium dodecyl sulfate (0.1%) polyacrylamide (12.5%) gel electrophoresis of ^P.-labeled SR was carried out according to the method of Laemmli (1970) .
Preparation of SR Vesicles
Canine cardiac SR vesicles were prepared by a modification of the Harigaya and Schwartz procedure (Harigaya and Schwartz, 1969; Sumida et al., 1978) . The isolation was carried out in the presence of 0.3 M sucrose in 20 mM Tris-maleate buffer (buffer A), pH 7.0. The microsomes enriched in SR were homogenized and washed in 0.6 M KC1 twice, followed by one wash in buffer A. The final pellet was suspended in 30 mM Tris-maleate, pH 7.0, containing 100 mM KC1 and 0.3 M sucrose at a protein concentration of 20 mg/ml. Protein was determined by the biuret procedure using bovine serum albumin as standard. The suspension was quick-frozen in liquid N 2 and stored at -75°C. This preparation was found to be stable for several weeks, and no significant decrease in kinase activity was observed during storage. The final yield of SR protein ranged from 0.6 to 0.8 mg per gram of ventricular tissue. The levels of contaminating sarcolemmal and mitochondrial membranes were very low as assessed by [ 3 H]-ouabain binding and cytochrome c oxidase activities, respectively (Sumida et aL, 1978) .
Phosphorylation of SR
Phosphorylation of SR was carried out in a final volume of 0.2 ml at pH 7.0. The reaction medium contained 100 jig SR protein, 50 mM phosphate buffer, 10 mM MgCl 2 , 10 mM NaF, 1 /tM cAMP, and 500 IJM [ r -m P]ATP. Cyclic AMP-dependent phosphorylation was measured in the presence of 500 fiu EGTA catalysed either by endogenous cAMP-protein kinase of SR or by saturating concentrations of exogenous cAMP-protein kinase (0.02 mg/ reaction). Calmodulin-stimulated phosphorylation was carried out under identical conditions but in the presence of purified brain calmodulin and added CaCl 2 to achieve the desired [Ca 2+ ]. The reaction was carried out at 30°C and allowed to proceed for 2 minutes, at which time maximal phosphorylation was observed . It was then terminated by the addition of 2.5 ml of 7% cold perchloric acid containing 7% polyphosphoric acid. After addition of 0.5 mg of SR carrier protein, the samples were washed three times with the perchloric acid solution, dissolved in 1 ml of 10 mM NaOH and transferred to 9 ml of scintillation counting fluid (Aquasol II, New England Nuclear). M P, incorporation was determined in a model 3320 Packard Tri-Carb liquid scintillation spectrometer.
The majority of phosphorylation measured is due to the formation of phosphoester bonds in phospho-Lamban of -22,000 daltons, is insensitive to hydroxylamine, and is due to cAMP-dependent or calmodulin-dependent protein-kinases. A small amount (about 12%) of phosphorylation occurs in a high molecular (~ 100,000 dalton) protein and is hydroxylamine sensitive.
Results
Sarcoplasmic retdculum vesicles isolated as described above contain an endogenous cAMP-protein kinase as previously reported (LaRaia and Morkin, 1974; Wray and Gray, 1977) . Incubation of cardiac SR vesicles with 1 /XM C A M P and 500 fifa EGTA resulted in phosphorylation of these vesicles catalyzed by the endogenous cAMP-protein kinase. The extent of phosphorylation, measured by K P, incorporation, varied from one SR preparation to the other with values ranging from 200 to 350 pmols Pi/mg SR. In the absence of cAMP, incorporation of -100 to 200 pmol Pi/mg SR occurred due to the presence of free catalytic subunits of cAMP-protein kinase, since this could be inhibited up to 80% in the presence of the heat-stable inhibitor . Addition of cAMP and exogenous cAMP-protein kinase enhanced SR phosphorylation up to 2.5-fold. Since the main purpose of this study was to characterize the role of calmodulin, which is a Ca 2+ -dependent protein, on SR phosphorylation, it was first essential to determine the effects of calcium on cAMP-dependent phosphorylation. Phosphorylation of SR vesicles, catalyzed by either the endogenous or the exogenous cAMP-protein kinase in the presence of 1 /iM cAMP, was Ca 2+independent over the range of 0.05 to 100 MM free Ca 2+ (Fig. 1 ).
Under identical conditions (1 /tM cAMP, 500 /tM EGTA), addition of 10~7 M calmodulin did not affect the levels of cAMP-dependent phosphorylation by either the endogenous or exogenous cAMP-protein kinase (Fig. 1 ). However, as the free Ca 2+ concen- VOL.49, NO. 6, DECEMBER 1981 tration was raised up to 10 * M, a concentrationdependent increase in ^P, incorporation was observed in the presence of calmodulin (Fig. 1) . The extent of stimulation by calmodulin, at any given [Ca 2+ ], was independent of whether cAMP-dependent phosphorylation was simultaneously catalyzed by either the endogenous or exogenous cAMP-protein kinases. Furthermore, the enhancement of SR phosphorylation by calmodulin did not require the activation of cAMP-protein kinase because calmodulin-stimulated phosphorylation occurred to the same extent in the absence of cAMP. These data confirm previously published results (Le Peuch et al., 1979) and further suggest that calmodulin-stimulated phosphorylation may in fact be regulated by concentrations of free Ca + occurring in the cell during the contraction-relaxation cycle (Potter and Gergely, 1975) .
For calmodulin-stimulated phosphorylation of cardiac SR, the estimated KD'S for Ca 2+ were 0.6 and 0.5 /XM in the presence of endogenous and exogenous cAMP-protein kinase, respectively. These values are not significantly different. Inclusion of A23187 (10 /IM) in the reaction to eliminate Ca 2+ sequestration into the vesicles had no effect on these K D values. The high [Ca 2+ ] (0.5 mM) used by Le Peuch et al. (1979) is unphysiological and far above the saturation point for the reaction.
The concentration dependence of phosphorylation of SR vesicles by calmodulin in the presence of near optimal [Ca 2+ ] is shown in Figure 2 . At a free Ca 2+ concentration of 1 [iM, half maximal stimulation of 32 Pi incorporation occurred at 45 nM calmodulin. Interestingly, this value is slightly lower than the 70 nM value reported by Le Peuch et al. (1979) measured in the presence of 0.5 mM Ca 2+ . The basal level of phosphorylation seen in Figure 2 , at no added calmodulin, represents M P, incorporation by the endogenous cAMP-protein kinase in the presence of 1 ftM cAMP. It is unlikely that the endogenous calmodulin present in our SR preparation would contribute to this value. Under our experimental conditions, only a maximum of 10 nM contaminating calmodulin would be introduced to the assay since the endogenous calmodulin levels were less than 0.3 jug/mg SR as determined by the method of Piascik et al. (1980) . This amount is far less than the concentration of the activator protein required for any effect (Fig. 2) . Similar K m values for calmodulin were obtained when calmodulin-dependent phosphorylation was measured in the presence of exogenous cAMP-protein kinase.
To determine the specificity of calmodulin in its ability to stimulate phosphorylation, independent of cAMP-protein kinase, the effects of trifluoperazine (TFP), a specific inhibitor of calmodulin (Levin and Weiss, 1977) were determined. In the presence of IO-^M free Ca 2+ and 10" 7 M calmodulin, TFP specifically inhibited the calmodulin-stimulated phosphorylation in a dose-dependent manner with an IC50 of approximately 1.8 X 10" fi M TFP (Fig. 3) . Complete inhibition by TFP reduced the levels of SR phosphorylation to those obtained by cAMPprotein kinase, indicating that this drug does not 100 - interfere with cAMP-dependent phosphorylation. Similarly, skeletal Troponin I (Tnl), which has been shown to bind cabnodulin specifically, thus preventing its effects (Kerrick et al., 1980) , also caused inhibition of the calmodulin-stimulated phosphorylation without affecting the cAMP-dependent process. Furthermore, Troponin C, another calcium-binding protein structurally homologous to calmodulin (Potter et al., 1977) , was ineffective and could not be substituted for calmodulin within the same concentration range where calmodulin is effective.
The additive nature of cAMP and calmodulin- dependent phosphorylation of SR vesicles implies that two classes of sites are available for each process (Fig. 1) . It would be reasonable to speculate from these data that site specificity is a consequence of the occurrence of two different types of protein kinases associated with SR. We have previously reported that the endogenous cAMP-protein kinase of SR preferentially uses basic polypeptides as substrates . As shown in Table 1 , the endogenous cAMP-protein kinase (in the presence of 1 ftM cAMP, 500 fiM EGTA) preferentially phosphorylated histones (a basic polypeptide) much less than did phosvitin (an acidic substrate (M w 20,700,19,000,16,500) ; lysozyme (M, 14,400) . The numbers represent (M r x 1CT*). VOL. 49, No. 6, DECEMBER 1981 by the ability of histones to bind calmodulin (Itano et al., 1980) . Such selective ability of SR protein kinases to phosphorylate exogenous substrates is an indication for the presence of two types of protein kinases, cAMP-dependent and calmodulin-dependent.
The substrate for endogenous cAMP and calmodulin protein kinases was determined by autoradiography of one-dimensional 0.1% SDS-12.5% polyacrylamide slab gels. As shown in Figure 4 , ^P , is associated with a single low molecular weight protein band of ~22,000 daltons in agreement with previous reports . The same protein is phosphorylated by both cAMP-and calmodulin-protein kinases. Similar results were obtained with a linear gradient gel (0.1% SDS, 7-30% polyacrylamide). The small amount of ^P , associated with a high molecular weight protein (presumably the Ca 2+ -Mg 2+ -ATPase) is accounted for by the formation of a small amount of phosphorylated intermediate of the Ca 2+ -Mg 2+ -ATPase (E~P) when free calcium is present. Under these conditions, 12% of the 32 P, incorporated was hydroxylamine sensitive, confirming the presence of some E~P (Wray and Gray, 1977; . Contrary to the report by Le Peuch et al. (1979) , we did not detect an 11,000 dalton phosphorylated protein presumably representing the monomer of phospholamban. Our attempts to separate the dimer either with a combination of Triton X-100 and SDS or other methods were not successful. Recently, however, we have found that boiling the preparation for five minutes in SDS seems to convert the 22,000-dalton protein to an 11,000-dalton polypeptide.
Discussion
The results presented here confirm the presence of two types of phosphorylation of cardiac sarcoplasmic reticulum (SR) (Le Peuch et al., 1979) . We, as well as others, have previously demonstrated the association of cAMP-protein kinase with SR vesicles (Wray et al., 1973; LaRaia and Morkin, 1974; . This report provides evidence for the additional presence of a calmodulin-dependent protein kinase (calmodulin-protein kinase) which remains tightly associated with SR membranes. This is the first report showing the prsence of two endogenous kinases in cardiac SR. Le Peuch et al. (1979) , in their report, failed to show any endogenous cAMP-protein kinase activity thus cAMP-dependent phosphorylation could only be obtained with the addition of exogenous free catalytic subunit of cAMP-protein kinase. The activation of the calmodulin-protein kinase is independent of cAMP and is totally dependent on the presence of free Ca 2+ and calmodulin. The two activities appear to be additive in agreement with a previous publication (Le Peuch et al., 1979) .
Our data suggest that calmodulin and cAMP represent two independent pathways sharing a common substrate of 22,000 dalton (phospholamban). However, each kinase appears to phosphorylate distinct sites on phospholamban. At this time, however, it is not clear what the actual molecular weight of phospholamban is. Our data as well as previously published data Tada et al., 1975) suggest that phospholamban is a 22,000 dalton protein. The M r -11,000 for this substrate reported by Le Peuch et al. (1979) is of interest but needs further investigation.
The level of saturation of cAMP-dependent sites does not seem to affect the ability of calmodulin to stimulate ^Pi incorporation. These results are similar to those reported by Le Peuch et al. (1979) , who also showed the presence of two classes of phosphorylatable sites on phospholamban. Assuming that phospholamban constitutes approximately 3% of the SR protein, our results show that up to 1.1 mol phosphate/phospholamban molecule (M r 22,000) is incorporated by exogenous cAMP-protein kinase within 2 minutes of incubation at 30°C. Simultaneous phosphorylation of phospholamban by cAMP-and calmodulin-dependent protein kinases increases this number up to 2.06 mol phosphate/phospholamban molecule.
The presence of two distinct kinases is substantiated further by the selective inhibition of calmodulin-stimulated phosphorylation of SR by trifluoperazine (TFP) and skeletal troponin I (Tnl). Both TFP and Tnl prevent calmodulin-stimulated phosphorylation but they have no effect on cAMP-dependent phosphorylation. The absolute dependence of the membrane-bound calmodulin-dependent kinase on calmodulin distinguishes it from previously reported Ca 2+ -dependent kinases in skeletal SR and cardiac SR (Schwartz et al., 1976; Horl and Heilmeyer, 1978) which were postulated to be phosphorylase kinase. The preferential phosphorylation of histone by cAMP-protein kinase, in contrast to phosvitin by calmodulin-protein kinase, also suggests that two kinases are in fact associated with SR vesicles.
The significance of calmodulin-stimulated phosphorylation is implicated by its Ca 2+ -dependence. Although Le Peuch et al. (1979) have presented evidence for cahnodulin-Ca 2+ -dependent phosphorylation of SR, the high [Ca 2+ ] (0.5 HIM) used in their experiments precludes a physiological interpretation of their data. Since calmodulin is not a limiting factor in cardiac tissue (Grand et al., 1979) , the trigger for activation of the calmodulin-dependent protein kinase must be fluctuations of myoplasmic [Ca 2+ ]. As we have shown here, the levels of [Ca 2+ ] required for calmodulin-stimulated phosphorylation are within a physiological range (10~7 to 10~5 M). Thus, it is entirely possible that calmodulin is an important regulator in cardiac muscle.
The role of calmodulin as a regulator of Ca 2+ -transport of SR has been suggested (Katz and Remtulla, 1978; Le Peuch et al., 1979) . Katz and Remtulla (1978) have shown that Ca 2+ -transport as well as Ca 2+ -binding are stimulated significantly by calmodulin above that seen by cAMP-protein kinase. Ca 2+ -ATPase also appears to be stimulated (Lopaschuk et al., 1980) . However, stimulation is suggested to be mediated by a direct effect of calmodulin on SR membranes and not by phospholamban phosphorylation. This is in contrast to data presented by Le Peuch et al. (1979) , who claim that the wellcharacterized stimulation of Ca 2+ transport by cAMP-protein kinase (Kirchberger et al, 1979; Tada et aL, 1974; Wray and Gray, 1977) is in fact mediated by calmodulin. Our preliminary results show that Ca 2+ transport is enhanced in SR vesicles prephosphorylated in the presence of either cAMP or calmodulin. Further investigation of the role of calmodulin in SR function is necessary to provide an understanding of the mechanism by which calmodulin may regulate cardiac SR function.
